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Here, we report a facile hydrothermal approach for synthesizing anatase Ti0 2 hierarchical mesoporous 
submicrotubes (ATHMSs) with the aid of long-chain polymer as soft template. The Ti0 2 nanocrystals, with 
sizes of 6-8 nm, are well interconnected with each other to build tubular architectures with diameters of 
0.3-1.5 \im and lengths of 10-25 \im. Such highly porous structures give rise to very large specific surface 
area of 201.9 m 2 g" 1 and 136.8 m 2 g" 1 for the as-prepared and annealed samples, respectively. By using 
structurally stable ATHMSs as anode materials for lithium-ion batteries, they exhibited high reversible 
capacity, long cycling life and excellent cycling stability. Even after 1000 cycles, such ATHMS electrodes 
retained a reversible discharge capacity as high as 150 mAh g" 1 at the current density of 1700 mA g" 1 , 
maintaining 92% of the initial discharge capacity (163 mAh g" 1 ). 



Ti0 2 materials have been extensively studied since it is suitable for a wide range of applications such as 
lithium-ion batteries (LIBs), photocatalysis, photocleavage of water, chemical sensors, and dye- sensitized 
solar cells 1,2 . For example, Ti0 2 has been considered as a promising substitute of commercial graphite anode 
materials for LIBs since it operates at a relatively high lithium insertion/extraction voltage (1.5-1.8 V vs Li/Li + ), 
which may efficiently avoid the formation of solid electrolyte interface (SEI) layers and lithium plating on the 
anode, and therefore enabling enhanced safety of the batteries. In addition, the volume change of Ti0 2 is 
negligible (less than 4%) during lithium ion intercalation/deintercalation processes, which affords Ti0 2 out- 
standing structure stability, and hence ensuring extended cycle life 2 " 5 . 

To further improve LIB performance, scientific breakthroughs are still required to simultaneously minimize 
the four primary resistances during charge and discharge: (i) ion transport in the electrolyte, (ii) ion transport in 
the electrode, (iii) electrochemical reactions in the electrode, and (iv) electron conduction in the electrode and 
current collector 6 . It is widely accepted that approaches for solving these problems are strongly related to 
nanoengineer active electrode materials with desired morphologies, specific surface area, size and crystallinity. 
As a result, Ti0 2 materials with different morphologies such as nanoparticles, nanowires/rods, nanosheets, 
nanobelts, nanofibers, nanotubes, and mesoporous solid/hollow microspheres have been reported in recent 
years 7 . Among them, porous structures, such as nanotubes and mesoporous hollow microspheres, are very 
attractive structures based on above consideration 5 . For example, Ti0 2 nanotubes show unique rate capabilities 
for LIBs due to their relatively large specific surface area, shortened diffusion length, and fast electron transport 
restricted in one dimention 8 " 12 . Whereas, most reported nanotubes are too small for a moderate amount of 
electrolyte to penetrate into their tunnels 13 . Furthermore, these nano-scaled materials also reduce the pack density 
and energy density of the LIBs 1415 . In addition, the reported submicron- sized tubular geometry, such as hollow 
fibers and hollow ribbons, which allow for a large lithium-ion flux to wet the hollow space easily, have been 
obtained by atomic layer deposition or electrospinning technique 131617 . However, the specific surface area would 
decrease with the increasing size from nanoscale to submicron scale. Moreover, hierarchical hollow micro/ 
submicro- spheres are also considered as very promising alternative structures since these structures combine 
advantages of primary nano-sized and secondary micron-sized structures, respectively 18 " 20 . Firstly, the robust and 
micron/submicron hollow structure can both prevent the aggregation and provide high tap density. Secondly, the 
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micron/submicron hollow structure or macropores can also act as a 
buffering reservoir of electrolyte so as to minimize the transport 
resistances. Thirdly, the nano- sized primary particles can facilitate 
ionic transport by reducing the diffusion length. Finally, the formed 
mesoporous structures can offer large surface area, which, as a result, 
ensure more interfacial contact between the active material and the 
electrolyte. Unfortunately, it is usually a slow and ineffective process 
for the diffusion of lithium- ion into the interior of hollow sphere due 
to the closed shell structures. Interestingly, the hollow sphere with an 
opening hole fabricated by Huang 21 is particularly promising. 
However, the relatively low electrical transport among neighboring 
microspheres still significantly limits the rate performance of LIBs 6 ' 22 . 

To tackle these issues, we present a self-assembled anatase Ti0 2 
hierarchical mesoporous submicrotube (ATHMS) electrode archi- 
tecture. In this architecture, the ultrasmall anatase Ti0 2 nanocrystals 
were well interconnected with each other to build mesoporous tubu- 
lar architectures. As shown in Figure 1, this unique structure simul- 
taneously combines many important features of macro -/mesoporous 
and tubular structure and thus provides: (i) the longitudinal path- 
ways of submicron-sized tubular structure that would decrease elec- 
trolyte diffusion resistance and serve as a buffering reservoir of 
electrolyte, (ii) mesoporous feature that offers a short solid-phase 
ion diffusion length and rapid ion transport, (iii) a large electrode 
surface area and sufficient electrochemical reactions in the electrode, 
and (iv) one dimensional interconnected nanocrystal network for 
efficient electron transport. Thus, this unique structure can simulta- 
neously handle all four resistances mentioned above, which enables a 
high reversible capacity, long cycling life, and excellent cycling 
stability. For instance, such an electrode retained reversible discharge 
capacities as high as 150 mAh g" 1 at current density of 1700 mA g" 1 
(5 C, C rate was based on the theoretical specific capacity of Ti0 2 , 
where a 1C rate corresponded to a current density of 335 mA g" 1 ) 
even after 1000 cycles, maintaining 92% of the initial discharge capa- 
city (163 mAh g" 1 ). 

Results 

The morphologies and crystal structure of the as-prepared samples 
were examined by field emission scanning electron microscopy 
(FESEM), X-ray diffraction (XRD), and Raman, respectively. As 
shown in FESEM images of Figure 2a-c, the as -synthesized submi- 
crotubes, with diameters of 0.3-1.5 urn and lengths of 10-25 urn, are 
large-scale and monodisperse. Figure 2d shows the XRD patterns of 
the same sample, and all the diffraction peak positions agree well with 



that of the anatase phase of Ti0 2 (JCPDS 84-1286). The anatase 
phase of the as-prepared samples was further confirmed by Raman 
spectrum measurement. As seen in Figure SI, the characteristic 
Raman modes of anatase Ti0 2 are observed at 148 (Eg), 399 (Big), 
516 (Alg or Big) and 639 cm" 1 (Eg), respectively 8 . 

The morphology and crystal structure of ATHMSs were further 
confirmed by transmission electron microscopy (TEM) images 
(Figure 3). As revealed in Figure 3a, the products show a strong 
contrast in the degree of brightness, with dark edges and a lighter 
center, indicating the formation of tubular structure. The inset of 
Figure 3a shows the selective area electron diffraction (SAED) pat- 
terns of ATHMSs. Consistent with XRD analysis, the diffraction 
rings can be indexed to (101), (004), (200), and (105) planes of 
anatase phase, indicating the polycrystalline nature of ATHMSs. 
As shown from HRTEM image in Figure 3b, the wall of as-prepared 
ATHMS is composed of numerous ultrasmall nanocrystallites with 
sizes of 6-8 nm, which are well interconnected with each other to 
form abundant mesopores. Moreover, the measured distance of 
0.35 nm between the adjacent lattice fringes can be assigned to 
(101) plane of the anatase Ti0 2 (the inset of Figure 3b). 

The thermogravimetric (TG) analysis is shown in Figure S2, it 
reveals that as -prepared Ti0 2 sample only contains 12.8 wt% of 
organic species, and the weight loss of 2.9 wt% below 100 °C can 
be attributed to the evaporation of adsorbed moisture. In spite of the 
well crystallization of as-prepared sample, further heat treatment is 
necessary to remove the residual organic species. It can be seen from 
the TG curve that the residual organic species could be removed 
completely after annealing at 400 °C. Therefore, our ATHMSs were 
calcined at 400°C for 3 h before it was used as anode material in LIBs. 

Figure 4 shows the N 2 adsorption-desorption isotherms (77 K) 
and pore size distribution of the ATHMS samples before and after 
calcination. The isotherm with an adsorption-desorption hysteresis 
is between type II and type IV according to the international union of 
pure and applied chemistry (IUPAC) classification 23 ' 24 . A steep 
increase in the amount of nitrogen adsorbed is clearly observed at 
high relative pressures (P/P° > 0.8), suggesting the presence of 
macropores (>50 nm), which corresponds to submicron-sized 
tubular structure observed in SEM and TEM (Figure 2a-c and 
Figure 3a). Besides, H3 hysteresis loop reveals that mesopores (2- 
50 nm) exist in both as-prepared and annealed ATHMSs. The 
Barrett-Joyner-Halenda (BJH) pore size distributions derived from 
the desorption branch exhibit that pore size of the as-prepared and 
annealed ATHMS samples centered at 8.39 nm and 15.39 nm, 
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Figure 1 | Schematic illustration of ATHMS combining advantages of macro/meso porous and tubular structures. 
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Figure 2 | (a)-(c) FESEM images and (d) XRD pattern of the ATHMSs obtained by hydrothermal treatment at 180 °C for 12 h. 



respectively (inset of Figure 4). As calculated by the Brunauer- 
Emmett-Teller (BET) method, such porous structures give rise to 
very high specific surface area of 201.9 m 2 g" 1 and 136.8 m 2 g" 1 
for the as-prepared and annealed ATHMS samples, respectively. 
Therefore, the large surface area of ATHMSs obtained here can 
provide more surface active sites for electrochemical reaction of 
electrode materials, making the charge transport and ion diffusion 
more efficient. 

It is important for Ti0 2 materials to remain their morphology and 
structure after the heat treatment while they are applied in LIBs. 
Figure 5a-c show the SEM images, XRD, TEM and SAED of 
ATHMS after sintering at 400 °C for 3 h. Benefiting from the rela- 
tively stable structure, the ATHMSs can withstand annealing process 
without collapse or deformation. And the anatase phase was still 



maintained after calcination. Furthermore, the HRTEM image 
(Figure 5d) clearly shows the polycrystalline texture of the mesopor- 
ous tube walls assembled from interconnected nanoparticles with 
diameters of 6-9 nm. 

Figure 6a shows the representative cyclic voltammograms (CVs) 
of the LIBs made with ATHMSs. Two obvious current peaks are 
observed at 1.6 V and 2.1 V, which attributed to the insertion/ 
extraction of Li + ions at anode and cathode, respectively. The ratio 
of cathodic to anodic peak current intensity for the first scan is nearly 
1 due to the equal extent of insertion/extraction of Li + ions in 
ATHMSs, indicating superior charge transfer and ion diffusion kin- 
etics behavior. Figure 6b shows the first charge -discharge voltage 
profiles of the ATHMS electrodes in the first cycle at different current 
rates. It is found that the potential difference between the discharge 




Figure 3 | TEM images and corresponding SAED pattern of the ATHMSs prepared by hydrothermal treatment at 180 °C for 12 h. (a) Low 

magnification TEM image and the SAED pattern (the inset), (b) HRTEM and an enlarged HRTEM taken from the solid circle in Figure 3b. 
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Figure 4 | N 2 adsorption-desorption isotherms for as-prepared and 
annealed ATHMS samples, respectively. The inset shows their 
corresponding pore size distribution. 

and charge plateaus increased with the increase of the current rate, 
which maybe due to the polarization of the electrode at high current 
density 25 . At different current density of 0.5 C, 1 C, 2.5 C, and 5 C 
(here 1 C = 335 mA g" 1 ), the ATHMS electrodes delivered first 
discharge/charge capacities of 280/239, 231/199, 181/172, and 163/ 
150 mAh g~\ respectively, implying much lower initial irreversible 
capacity loss (ICL) values of 14.6%, 13.9%, 5.0%, and 8.0%. 
Furthermore, ICL values in the first cycle, ranging from 5% to 
10%, were reproducibly observed for another four ATHMS electro- 
des at current density of 850 mA g _1 (2.5 C), as shown in Figure S3. 
The ICL values in the first circle reported here are lower than that of 
most of other anatase Ti0 2 electrodes 81316 " 19 ' 26 . The lower ICL values 
indicate a higher reversible capacity to meet the requirements of 



practical applications in the future. The cyclic stability of the 
ATHMS electrode was further investigated at different current rates, 
as shown in Figure 6c. After 50 cycles at the current rate of 0.5, 1, 2.5, 
and 5 C, our ATHMS electrodes delivered high discharge capacities 
of 218, 184, 167, and 164 mAh g~\ respectively. Remarkably, they 
still retained a reversible discharge capacity as high as 221 mAh g" 1 
at 0.5 C, 184 mAhg- 1 atlC,169 mAh g" 1 at 2.5 C, 162 mAh g" 1 at 5 
C after 100 cycles, respectively, implying negligible capacity fading 
from 50 to 100 cycles. In addition, we have repeatedly obtained high 
capacities and good capacity retention of our ATHMS electrodes by 
using another four ATHMS electrodes at the current density of 2.5 C, 
as shown in Figure S3 and Figure S4. These ATHMS electrodes 
showed discharge capacities of 201, 200, 184, and 174 mAh g -1 , 
and maintaining 87%, 84%, 88%, and 87% of the initial discharge 
capacity after 100 cycles, respectively. The discharge capacity reten- 
tion and cycling stability for ATHMS electrodes after 50 or 100 cycles 
reported here are higher than that of other Ti0 2 anatase tubular 
structures 8 " 10,1317 , mesoporous hollow sphere 18 " 21 , and even that 
treated with conductive pathways such as Ti0 2 /graphene 27 ' 28 , and 
mesoporous Ti0 2 :Ru0 2 composite electrodes 29 while tested under 
similar conditions. In particular, the discharge capacities only 
decreases slightly to 158 mAh g" 1 at 2.5 C, and 150 mAh g" 1 at 5 
C after 1000 cycles, corresponding to 87%, and 92% of their initial 
capacity, respectively (Figure 6c). Furthermore, the Coulombic effi- 
ciency shown is nearly 100% at each cycle at 5 C charge- discharge 
rates (Figure S5). Obviously, the ATHMS electrodes exhibit high 
reversible capacity, excellent cycling stability and long circling life, 
indicating a very promising candidate for LIBs. The rate performance 
of the ATHMSs and commercial anatase Ti0 2 nanoparticles 
(25 nm) at 0.25-5 C rates was also investigated, as shown in 
Figure 6d. Compared to anatase Ti0 2 nanoparticles, the ATHMSs 
exhibit excellent rate capability at all current rates, which maybe due 
to the unique macro/mesoporous and tubular structures ensuring 
fast electron transfer and high Li + ion diffusion rates. After this 
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Figure 5 | (a) FESEM image (b) XRD pattern, (c) TEM image and corresponding SAED pattern (the inset), and (d) HRTEM image of the ATHMS 
samples after calcination at 400 °C for 3h. 
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Figure 6 | (a) CVs of the ATHMS electrode from the first cycle to the fifth cycle at a scan rate of 0.2 mV s \ (b) Galvanostatic charge-discharge 
profiles of ATHMS electrodes at different current rate of 170 mA g" 1 (0.5C), 340 mA g" 1 (1 C), 850 mA g 1 (2.5 C), and 1700 mA g" 1 (5 C), respectively, 
(c) Cycling performance of the ATHMS electrodes at the different C rates, (d) Specific capacity of the ATHMS and anatase Ti0 2 nanoparticles at different 
C rates. All of measurements were conducted in voltage range of 1.0-3.0 V. 



high-rate charge-discharge process, a stable capacity of 222 mAh g" 1 
could be supplied again when the current rate is reduced back to 0.5 
C, indicating the high reversibility of the electrode materials. The 
excellent rate capability exhibited by ATHMSs suggests them as 
promising anode material for LIBs with large power densities. 

The electrochemical impedance spectroscopy (EIS) measure- 
ments were thus undertaken to reveal the kinetic process of lithium 
ion diffusion and electron transfer of the ATHMS electrodes. For 
comparison, the LIBs consisting of commercial anatase Ti0 2 nano- 
particles were also investigated. Figure 7 illustrates the Nyquist plots 
of ATHMS and anatase Ti0 2 nanoparticle based LIBs before galva- 
nostatic discharging/charging and after 100 cycles at a current rate of 
170 mA g" 1 (0.5 C). Obviously, they exhibit single semicircles for 
fresh cells or two partially overlapped semicircles for cycled cells, and 
followed by the appearance of strait line Warburg-type region from 
high to low frequency. The Warburg- type straight lines of fresh cells 
made with ATHMS and anatase Ti0 2 nanoparticles show an angle 
approaching 90° to the Z'-axis, which indicated that detectable 
lithium intercalation did not occur for fresh cells, and they decreased 
closely to an angle of 45° to the Z'-axis after 100 cycles, which is 
characteristic of Li-ion diffusion through the homogeneous single 
anatase phase of the electrodes 30 " 32 . An equivalent circuit for these 
LIBs was used to fit the Nyquist plots, as depicted in the inset of 
Figure 7. Here, Re represents the combined resistance of electrolyte 
and cell components. R( s f+ C t) depicts the surface film (sf) and charge 
transfer resistance (ct). R b is the bulk (b) resistance. The constant 
phase elements CPE( sf+dl ) is due to the surface film and double layer 
(dl) capacitance, whereas CPE b refers to bulk capacitance. In addi- 
tion, W s and Q represent the Warburg impedance and interclation 
capacitance. More detailed discussion of this equivalent circuit is 
found in the references 32 " 34 . According to the fitted values for fresh 
cells, R sf (162.8 Q) for ATHMS electrode is much smaller than that 
(182.0 Q) for the anatase Ti0 2 nanoparticle electrode. After 100 
charge-discharge cycles, the R( s f+ C t) (143.9 Q) of ATHMS electrode 



is also smaller than that (165.5 Q) of anatase Ti0 2 nanoparticle 
electrode. The low R( s f+ C t) of ATHMS electrode demonstrates the 
good electronic contact and effective charge transport are main- 
tained after repeated Li + ions insertion and extraction process, as 
compared to anatase Ti0 2 nanoparticle electrode. Furthermore, the 
diameters of the semicircle and angle of Warburg-type to the Z'-axis 
for cycled ATHMS and anatase cells have lower values than that of 
fresh ATHMS and anatase cells, which are consistent with that 
reported in the references 31 . Therefore, the outstanding rate and 
cycling performance of ATHMS could be attributed to the synergistic 
effect of the enhanced electron transport and Li + ion diffusion in 
ATHMS electrodes. 

To reveal why the lithium storage of these ATHMS electrodes is 
stable in this work, the morphology of ATHMSs was further com- 
pared before galvanostatic discharging/charging and after comple- 
tion of 1000 charge/discharge cycles at a current rate of 1700 mA g" 1 
(Figure 8). Obviously, these tubular structures are well preserved 
even under the current density as high as 1700 mA g" 1 for 1000 
cycles (Figure 8b), which is of great significance for keeping the 
capacity. Therefore, the excellent reversible capacity of ATHMS 
could be due to their stable and unique structural features. The 
one- dimensional submicron-sized tubular structure may provide 
fast diffusion channel for electrolyte due to the lower diffusion res- 
istance and reservoir for the electrolyte. Whereas, the highly porous 
framework is considered to make significant contributions not only 
to increasing the contact area between the electrolyte/anode materi- 
als but also to facilitating penetration of the electrolyte into the inner 
region of active materials. In addition, the interconnected nanocrys- 
tal network may shorter diffusion lengths for both electrons and ion 
transport. 

Discussion 

In summary, a mild facile hydrothermal method was used to fabricate 
well-defined anatase Ti0 2 hierarchical mesoporous submicrotubes 
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Figure 7 | EIS of ATHMS and anatase Ti0 2 nanoparticle based LIBs (a) 
before galvanostatic discharging/charging and (b) after 100 cycles at a 
current rate of 170 mA g -1 . The equivalent circuit used to fit the 
experimental data is shown as an inset. Dots represent the experimental 
data, and solid curves represent the fitted curve. 

by using long- chain polymer as soft template. By taking advantage 
of this unique electrode architecture, it delivered a reversible dis- 
charge capacity as high as 150 mAh g" 1 at a current density rate of 
1700 mA g" 1 and good reversibility with cycling efficiency of 92% 
after 1000 cycles. This demonstrates that constructing Ti0 2 hier- 
archical mesoporous submicrotubes with "macroporous", "meso- 
porous", and "one-dimensional" characteristics is a significant 
approach to enhance electrode electrochemical properties. Bene- 
fiting from such unique structural features, the products can serve 
as superior active materials in high-performance lithium-ion bat- 
teries application. This work demonstrates the promising use of 
hierarchically mesoporous tubular structure in high-performance 
LIB applications. 

Methods 

Material synthesis. All chemical reagents were commercially available and used 
without further purification. In a typical synthesis, 0.6 g polyacrylamide (A.R., 
molecular weight: >5 million, Kermel), was added to 60 mL of deionized water under 
vigorous stirring for 10 min. Then, 0.3 g Titanium(IV) oxysulfate-sufuric acid 
hydrate (93%, Aladdin) was added to this solution and stirred for 30 min. The 
reaction solution was then transferred to a 100 mL Teflon-lined autoclave and then 
hydrothermally heated at temperature of 180 °C for 12 h. Afterward, the autoclave 
was taken out and cooled naturally to room temperature. After that, the white 
precipitate was collected and washed with ethanol and deionized water for several 
times, and dried at 60 °C for 24 h. Finally, the obtained ATHMS samples were 
calcined at 400 °C for 3 h with a heating rate of 1 °C min" 1 to remove residual 
organics before it was used as anode material in LIBs. 

Characterization. The product morphology was examined using a high-resolution 
field emission scanning electron microscopy (FESEM, JSM-7600F, JEOL). The crystal 




Figure 8 | FESEM images of the ATHMS electrode (a) before 
galvanostatic discharging/charging and (b) after completion of 1000 
discharge-charge cycles at a current rate of 1700 mA g -1 . The insets in (a) 
and (b) are high magnification of ATHMS. 



structure of the samples was analyzed by using X-ray diffraction (XRD, D8 Advance, 
Bruker) with Cu Ka radiation. Raman spectra analysis was conducted from 100 to 
1000 cm" 1 using an Almega Dispersive Raman system (Renishaw in Via) and a 
Nd:YAG intracavity doubled laser operating at 514.5 nm. Transmission electron 
microscopy (TEM) observations were carried out with a high resolution transmission 
electron microscope (FEI Tecnai G2 F30) operating at 300 kV. The 
thermogravimetric (TG) analysis was carried out by using a thermogravimeter 
(TG209, Netzsch Instruments, Germany) from 30 to 800 °C at a linear heating rate of 
10 °C min" 1 . The pore characteristics and surface area were analyzed by a nitrogen 
adsorption-desorption apparatus (ASAP 2020M, Micro meritics). 

The electrochemical measurements. The electrochemical measurements were 
performed using two-electrode CR2025-type coin cells with pure lithium metal 
serving as both the counter and reference electrodes at room temperature. The 
working electrode was composed of active material (e.g., ATHMSs), conductivity 
agent (carbon black, Super-P-Li), and binder (polyvinylidene difluoride, PVDF, 
Aldrich) in a weight ratio of 70 : 20 : 10 in N-methyl-2-pyrrolidone (NMP). The 
geometrical area of the electrode was 1 .54 cm 2 and the mass loading of active material 
in our working electrode was controlled at about 1.2-2 mg. The electrolyte used was 
1.0 M LiPF6 in a 1 : 1 (w/w) mixture of ethylene carbonate-diethyl carbonate 
(Technologies, USA). A porous membrane (Celgard 3400) was used as a separator. 
Cell assembly was carried out in an Argon-filled glovebox with moisture and oxygen 
concentrations below 1.0 ppm. The cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) measurements were performed on an electrochemical 
workstation (CHI760C, CH Instruments) at room temperature. Galvanostatic 
charge/discharge cycling was carried on with a battery testing system (NEW ARE) 
with a voltage window of 1-3 V vs. Li + /Li at different current rates of 0.25 C, 0.5 C, 1 
C, 2.5 C, 5 C, respectively, where 1 C = 335 mA g" 1 . Reference experiments were 
performed by using commercial anatase Ti0 2 nanoparticles (25 nm, Aladdin 
Chemistry Co. Ltd) as anode material. 
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